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Cells in the visual cortex respond vigorously to optimally oriented stimuli and poorly or not at all to the orthogonal orientation (Hubel and Wiesel 1962) . However, an orthogonal mask stimulus can substantially attenuate the response to an optimal test stimulus (Bonds 1989; DeAngelis et al. 1992; Morrone et al. 1987) . Although the original demonstration was with orthogonal mask stimuli, subsequent work has shown that crossorientation suppression (COS) occurs for any mask orientation (DeAngelis et al. 1992 ).
This suppressive effect results when the mask and test stimuli are presented either monoptically (Allison et al. 2001; Bonds 1989; DeAngelis et al. 1992; Freeman et al. 2002; Morrone et al. 1987) or dichoptically (Ohzawa and Freeman 1986a, b; Sengpiel et al. 1998; Sengpiel et al. 1995a; Sengpiel et al. 1995b; Walker et al. 1998 ). Both forms of COS are independent of the mask orientation (DeAngelis et al. 1992; Sengpiel et al. 1995b ), broadly tuned to spatial frequency (Bonds 1989; Sengpiel et al. 1995a ), independent of spatial phase (DeAngelis et al. 1992) , spatially well localized to the classical receptive field (RF) of the cell (DeAngelis et al. 1992) , and are established early in the developmental process (Endo et al. 2000; Green et al. 1996) . These findings have been interpreted as suggesting similar mechanisms for monoptic and dichoptic COS (Andrews and Purves 1997; Heeger 1992) . On the other hand, contrast response functions measured with COS show different types of gain control for monoptic and dichoptic COS (Sengpiel et al. 1998 ). This result suggests separate mechanisms for monoptic and dichoptic COS.
The physiological basis of COS is not clear. The independence of stimulus orientation (DeAngelis et al. 1992 ) and dependence on GABA (Morrone et al. 1987; Sillito et al. 1980) suggest inhibition from pools of neurons tuned to different orientations (Bonds 1989; DeAngelis et al. 1992; Heeger 1992; Morrone et al. 1987; Walker et al. 1998 ). Since peak levels of suppression are obtained at relatively high temporal frequencies, feed-back from area 18 may be involved (Allison et al. 2001) . A recent study of the temporal frequency and contrast adaptation properties of monoptic COS proposes a feed-forward thalamocortical synaptic depression mechanism that occurs at the synapses from the lateral geniculate nucleus (LGN) to the striate cortex (Freeman et al. 2002) . This notion is based on similar response characteristics of LGN neurons and the properties of monoptic COS. As with LGN neurons, monoptic COS is not affected by contrast adaptation, and is induced at temporal frequencies higher than what will drive most cortical cells. Thalamocortical synaptic depression can also account for a variety of properties exhibited by monoptic COS, such as the lack of orientation tuning and the limited extent of suppression within the classical receptive field (RF) (DeAngelis et al. 1992 ).
Neurons in the LGN are monocularly driven and do not receive direct binocular input (Hayhow 1958 (Hayhow , 1967 . Since synaptic depression operates at the level of single synapses, depression at monocular thalamocortical synapses cannot give rise to dichoptic COS (Freeman et al. 2002) . Due to its binocular nature, dichoptic COS has been hypothesized to arise from intracortical mechanisms (Blake and Logothetis 2002; Sengpiel et al. 1995b ). On the other hand, LGN cells also exhibit dichoptic COS (Moore et al. 1992; Varela and Singer 1987; Xue et al. 1987) , so it is possible that dichoptic COS in the striate cortex originates in the LGN. To understand the mechanism of dichoptic 4 COS in visual cortex, we have compared temporal frequency tuning and stimulus adaptation properties of monoptic and dichoptic COS.
A preliminary report of these results has been presented in abstract form (Li et al. 2003 ).
Methods
Physiological preparation
Extracellular recordings are made with epoxy coated tungsten microelectrodes ( 1) where R max is the maximum response, w is a measure of the bandwidth of the temporal frequency tuning curve, and b is the cell's spontaneous activity. The TF peak is the temporal frequency showing maximum response of the excitatory TF tuning or the temporal frequency showing minimum response of dichoptic or monoptic COS TF tuning. High temporal frequency cutoff is defined as the frequency above optimal that elicits 50% of maximum suppression.
Suppression Following Contrast Adaptation
Following an initial 30s of adaptation to an orthogonal mask stimulus, each test stimulus after the first is preceded by a 4-second 'top-up' mask grating (Freeman et al. 2002; Movshon and Lennie 1979; Ohzawa et al. 1985) . A 0% (no adaptation) and 30% adapting contrast are used for the mask stimulus while the contrast of the test grating varies from 1% to 30% to obtain contrast response functions both with and without adaptation. Contrast tuning curves are fit by a modified hyperbolic ratio function (Freeman et al., 2002) :
where k is the suppression index that measures the ability of the mask grating to suppress the response to the test grating, C mask is the contrast of the mask grating, R max is the maximum attainable response, C 50 is the contrast that elicits the half maximal response, and b is the cell's spontaneous discharge rate. C mask is 0 in the absence of a mask stimulus. This function is based on the finding that monoptic COS is well fit by a contrast-gain control function (Carandini and Ferster 1997; Heeger 1992) . It has been reported that for dichoptic COS, some cells are best characterized by response-gain control and others by contrast-gain control (Sengpiel et al. 1998 ). These two types of gain control have different effects on the contrast response function. To make sure that the contrast-gain control function (2) can be used to measure the suppression index for dichoptic COS as well, we fit our data with both models and compared their goodness of fits (Fig. 4) . Curves are fit by successively varying either Rmax (reflecting response-gain control) or C 50 (corresponding to contrast-gain control), while holding the other variables constant at the values calculated from the unsuppressed condition. All of our data are well fit by the contrast-gain control model.
Results
We have recorded extracellular activity from a total of 85 cells in area 17 of adult cats. We performed two experiments on overlapping subsets of this population of cells.
Where appropriate, distributions of response characteristics were compared with those of a much larger data set with many more cells obtained from our database of previously recorded tuning curves from areas 17, 18, and the LGN. 1980; Movshon et al. 1978; Saul and Humphrey 1990) . To determine which area exhibits tuning characteristics most similar to that of monoptic COS, we compared population distributions of temporal frequency tuning parameters for cells in our database of recordings from area 17, 18 and the LGN (Fig. 2) . The distributions of peak frequencies and high frequency cutoffs for monoptic COS ( Fig. 2A, B) are most similar to those of cells in the LGN (Fig. 2I, J) . Cells in area 18 (Fig. 2G , H) tend to be tuned to frequencies only marginally higher than those in area 17 (Fig. 2E, F) . It is interesting to note that the temporal frequency tuning properties of dichoptic COS (Fig. 2C , D) are significantly higher (p<0.05) than those found in area 17, and similar to that of area 18, suggesting a possible role for area 18 in dichoptic COS.
Suppression Following Contrast Adaptation
Another similarity that has been observed between monoptic COS and the LGN is the lack of susceptibility to contrast adaptation (Freeman et al. 2002) . Prolonged visual stimulation attenuates the responses of cells in the cortex but this aftereffect is weak in
LGN cells (Ohzawa et al. 1982 (Ohzawa et al. , 1985 . It has recently been shown that long exposure to the orthogonal mask does not reduce monoptic COS (Freeman et al. 2002) . This is consistent with a thalamocortical synaptic depression mechanism. If dichoptic COS originates from LGN cells and propagates to the visual cortex, we would expect to observe a similar adaptation effect for both modes of COS. Otherwise, if dichoptic COS depends on an intracortical suppressive mechanism, the suppression should be greatly reduced after prolonged adaptation to mask gratings. To investigate these possibilities, we compare the contrast adaptation susceptibility of monoptic and dichoptic COS.
The effects of adaptation on monoptic and dichoptic COS are shown in Figure   3A , 3A ). In contrast, dichoptic COS is almost completely eliminated after adaptation (Fig.   3B ). Summary scatter plots comparing the magnitude of suppression with and without adaptation are shown in Figure 3C , D for monoptic and dichoptic conditions. The suppression strength of the mask stimulus is represented by the suppression index (see Methods), which is a measure of the increase in contast-gain control. The effect of prolonged adaptation by the mask stimulus on monoptic and dichoptic COS is reflected by changes in the suppression indices. Consistent with the example cell, adaptation has no affect on the magnitude of monoptic COS (Fig. 3C ), but greatly reduces dichoptic COS (Fig. 3D ). These data further support the thalamic and intracortical sources for monoptic and dichoptic COS, respectively.
For a small fraction of cells, monoptic and dichoptic COS appear to have different effects (ignoring the adaptation differences) on the contrast response curves of cells in area 17. This is evident in the example cell shown in Figure 3A , B. For monoptic COS, the effect of the orthogonal mask is a horizontal shift in the contrast response curve (i.e.
contrast gain control). On the other hand, dichoptic COS results in a similar scaling of the response at all contrasts (i.e. response gain control). These two different effects on the contrast response curve have been previously reported (Morrone et al. 1986 (Morrone et al. , 1991 Speed et al. 1991; Sengpiel et al. 1998) . To quantify how well the effects are accounted for by contrast and response gain control models, we fit the contrast response curves of the testonly and test+mask conditions with hyperbolic ratio functions. The goodness of fit (R²) for the response and contrast gain control modes are plotted against each other in Figure   4 . Here it is apparent that for monoptic COS (filled circles), contrast gain control provides a better fit than response gain control. As with the example cell, dichoptic COS (open circles) is well fit by a response gain control model; however, contrast gain control appears to provide an equally good fit over the population of cells.
Discussion
Cross-orientation suppression is an important phenomenon that provides insights into the mechanisms of nonlinearities of neuronal response characteristics. In this study, we have shown that monoptic COS can be elicited at higher temporal frequencies and is less prone to prolonged adaptation compared with dichoptic COS. These results are consistent with a subcortical process (Freeman et al. 2002) for monoptic COS and suggest an intracortical inhibitory mechanism for dichoptic COS.
A long-standing model of contrast-gain control posits that monoptic COS is mediated by inhibitory connections within the visual cortex (Allison et al. 2001; Bonds 1989; Carandini and Heeger 1994; DeAngelis et al. 1992; Heeger 1992; Morrone et al. 1987; Sengpiel et al. 1998) , resulting in the sharpness of functional properties (e.g. orientation selectivity) of cells in the visual cortex (Chapman and Stryker 1992; Vidyasagar et al. 1996) . This widely held view has been challenged by Freeman et al.
(2002) based on the temporal frequencies and adaptation properties of monoptic COS.
Our results are consistent with their hypothesis that monoptic COS originates from a feed forward thalamocortical mechanism. This mechanism is an ideal substrate for monoptic COS because it can explain the main characteristics of COS, i.e., suppression is not tuned to orientation (Bonds 1989; DeAngelis et al. 1992; Morrone et al. 1982) , is broadly tuned for spatial frequency (Bonds 1989; DeAngelis et al. 1992; Morrone et al. 1982) , occurs at very high temporal frequencies (Allison et al. 2001; Freeman et al. 2002) , and is immune to prolonged adaptation (Freeman et al. 2002) . The transformation from LGN to cortical response properties is masked by a low-pass filtering of temporal frequency sensitivity (Hawken et al. 1996; Saul and Feidler 2002) and the emergence of contrast adaptation (Ohzawa et al. 1985) . It is interesting to note that the mechanism underlying monoptic COS might actually be the cause of these changes. Since monoptic COS exhibits maximum suppression at high temporal frequencies, it could be involved in temporal low-pass filtering (Allison et al. 2001; Chance et al. 1998) . Furthermore, synaptic 13 depression has been suggested as the mechanism responsible for cortical contrast adaptation (Abbott et al. 1997; Chance et al. 1998) . Therefore monoptic COS might not only have similar characteristics to LGN neurons, but its mechanism may be responsible for the differences in characteristics of cortical neurons.
Dichoptic COS is a form of binocular rivalry which is an important paradigm for the study of visual perception. Since dichoptic COS is likely to contribute to the perceptual experience of binocular rivalry (Blake 1989; Lehky 1988) , it is important to understand its underlying mechanism. It has been reported that some LGN cells exhibit dichoptic COS (Funke and Eysel 1998; Moore et al. 1992; Sanderson et al., 1969; Varela and Singer 1987; Xue et al. 1987) . Therefore, it's possible that dichoptic COS originates in the LGN and propagates to the visual cortex. However, cells in the LGN respond to stimuli with very high temporal frequencies (Saul and Humphrey 1990) and are mostly immune to adaptation (Ohzawa et al. 1982 (Ohzawa et al. , 1985 . Results from previous studies of dichoptic COS (DeAngelis et al. 1992; Ferster 1981; Freeman et al. 1987; Sengpiel and Blakemore 1994; Sengpiel et al. 1995a) show fairly consistent but weak effects. The reason for the mixed results is probably due to the 14 stimulus parameters used in their experiments. In this study we find that the actual degree of dichoptic COS depends on the temporal frequency of the mask grating. On average, the suppressive effect of dichoptic COS is 38.7±20.1% in area 17 at the temporal frequencies exhibiting maximum suppression for the mask gratings. This effect is greater than that reported in previous studies in which temporal frequency was not optimized (DeAngelis et al. 1992; Walker et al. 1998) . Furthermore, we find that dichoptic COS is optimal at slightly higher temporal frequencies than those for neurons in area 17 (Fig. 2) . 
